Abstract-A compact microstrip-fed antenna with dual band-notched characteristics for ultrawideband (UWB) applications is presented.
INTRODUCTION
Ultrawideband (UWB) systems have been one of the most prolific wireless communication systems due to the advantages of high data rate, low power consumption, and increased resilience to multipath interference. UWB antennas could be used in several applications such as sensor networks, radar, location tracking, and short range high-data-rate wireless connection. However, the UWB systems operating in 3.1-10.6 GHz frequency band will interference existing wireless communication systems, e.g., worldwide interoperability for microwave access (WiMAX: 3.3-3.6 GHz) and wireless local area network (WLAN) for IEEE 802.11.a (5.15-5.875 GHz). As a critical component of UWB systems, UWB antennas are required to provide dual band-notched frequency response functions to avoid the interference.
Monopole antennas are good candidates for UWB applications due to their attractive merits such as low cost, easy fabrication and low profile. Numerous techniques have been used to design bandnotched UWB monopole antennas, such as inserting C-shaped slot [1] , etching two split-ring resonator (SRR) slots [2] , inserting a half wavelength C-shaped slot [3] , inverted-U shaped slot [4] , and using inverted V-shaped slot [5] . Other techniques have also been investigated, for instance, using a parasitic inverted-L element [6] , etching out two elliptic single complementary split-ring resonators of different dimensions [7] , introducing a pair of arc-shaped slots and an open-loop resonator [8] , and employing an I-shaped parasitic element [9] . However, most reported band-notched UWB antennas suffer from either single band-notched characteristic [2-6, 9, 10] or larger occupation area [1, 7, 8] . In addition, it is complicated and hard to design UWB antenna with sharp notched bands. Most reported dual bandnotched UWB antenna cannot achieve sharp rejection performance at both notched bands [11, 12] .
In this paper, a compact dual band-notched antenna is proposed for portable UWB devices. To achieve dual band-notched characteristics, two open-ended inverted L-shaped slots with different dimensions are etched on the radiator. By properly selecting the length and width of both open-ended slots, dual notched bands with sharp skirt can be achieved. Parametric study for the key parameters is conducted to give a further insight of the antenna characteristics. This design provides the antenna designers more freedom to control both the resonance frequencies and bandwidths of sharp notched bands.
ANTENNA DESIGN
The geometry of the proposed antenna is illustrated in Figure 1 . The proposed antenna consists of a radiating patch which consists of three merged circular discs, and a rectangular slot in the ground plane. The radii of these three circular discs are R 1 , R 2 , and R 3 , respectively. R 1 equals to R 2 . Two openended inverted-L shaped slots with different width and length are used to obtain dual band-notched characteristics. The centre frequencies of both notched-bands can be easily tuned by varying the length of the open-ended slots. Since the configuration of the ground plane has an effect on the characteristics of the antenna, a rectangular slot is etched in the ground plane to improve the impedance bandwidth. The proposed antenna is fabricated on a F4B substrate material with relative dielectric constant of 2.55, thickness of 0.8 mm, and loss tan of 0.003. The proposed antenna structure was numerically investigated and optimized. To further investigate the effect of the key parameters on the performance of the proposed antenna, only one parameter at a time was varied while keeping all the other parameters fixed. 
Effects of the Slots
Figure 2(a) shows the four structures that were employed to achieve the proposed antenna. Antenna 1 includes the radiating patch and the truncated rectangular ground plane. By etching an inverted Lshaped slot in the radiating patch, a frequency band notch from 3.17 GHz to 4.03 GHz can be observed from the simulated VSWR of antenna 2, as shown in Figure 2 (b). The other inverted L-shaped slot is etched on antenna 3 to realize the other notched band from 4.89 GHz to 5.63 GHz. A rectangular slot in the ground plane of the proposed antenna can be employed to improve the impedance matching of antenna 3 and shift the higher notched band to 5.16 GHz to 6.04 GHz, as can be oberserved from the simulated VSWR of the proposed antenna. Figure 3 shows the simulated VSWR of the proposed antenna for various radii R 1 and R 2 . As shown in Figure 3 , the resonant frequencies of both notched bands change with R 1 and R 2 . In addition, by properly selecting the radii R 1 and R 2 , impedance bandwidth of the higher notched band can be enhanced. 
Effects of Various Values of R 1 and R 2

Effects of the Length and Width of Both Open-Ended Inverted-L Shaped Slots
In order to investigate the length of the open-ended inverted-L shaped slots on the performance of the proposed antenna, various lengths of both slots have been simulated. We fixed the length of horizontal part of the inverted-L shaped slots and changed the length of the vertical part. 
Effects of the Size of Open-Ended Slot in the Ground Plane
In order to obtain a good impedance matching, a trimmed ground plane was used in the proposed antenna. As shown in Figure 2 , the slot in the ground plane can improve the impedance matching. By properly adjusting the size of the notch in the ground plane, good impedance matching over a wide frequency band can be achieved. The optimized dimensions of the slot are L 6 = 4 mm and W 6 = 1.8 mm as shown in Figures 6(a) and (b) , respectively. 
SIMULATION AND EXPERIMENTAL RESULTS
The optimal dimensions of the proposed antenna are as follows: Figure 7 .
For giving a good physical insight into the operating mechanism of the proposed antenna, Figure 8 shows the current distributions of the proposed antenna at two notched frequencies. As shown in Figure 8 (a), at the lower notched frequency (3.4 GHz), the current flows mostly around the edge of the left inverted L-shaped slot. Figure 8 (b) presents the surface current distribution at the higher notched frequency (5.5 GHz). It can be observed in Figure 8 (b) that the surface current concentrates around the edge of the right inverted L-shaped slot. Therefore, at the notched-bands, the strong capacitive coupling occurs around the edge of the inverted L-shaped slots. The energy is stored around the slots rather than radiated into the air. Figure 9 shows the simulated and measured VSWR for the proposed antenna. It can be observed that the proposed antenna exhibits ultrawideband performance with dual band-notched functions of 3.16-3.70 GHz and 5.10-5.95 GHz. Both stop bands can avoid interference between UWB systems and WiMAX/WLAN systems. The lower notched band centred at 3.4 GHz is generated by the left inverted L-shaped slot, while the higher notched band centred at 5.5 GHz is achieved by the right inverted Lshaped slot. The slightly discrepancy between simulated and measured results may be caused by the effect of the SMA connector and soldering effects, which have been neglected in the simulation. Figure 10 shows the measured radiation patterns of the proposed antenna at the selective frequencies of 3, 5, 8, and 10 GHz in E-plane and H-plane. It can be observed that the antenna pattern is omnidirectional in the H-plane (yz-plane) and dipole-like in the E-plane (xz-plane), which is important for wireless communication devices.
The measured peak gain of the proposed antenna is depicted in Figure 11 . Since at the notch bands most of the radiated power is reflected back, the gain decreases sharply in the vicinity of 3.5 GHz and 5.5 GHz. Other than the notched bands, the antenna exhibits stable gain performance across the operation band.
The group delay should maintain constant and stable over the entire operating frequency band to avoid undesirable distortion of the radiated and received pulse. Two identical proposed antennas were placed face-to-face with a distance of 100 cm. As shown in Figure 12 , the group delay is flat over the entire UWB range except at the notched bands. Therefore the proposed antenna is suitable for transmitting and receiving UWB pulse with little distortion.
CONCLUSION
In this paper, a CPW-fed UWB antenna with dual notched-band characteristics has been proposed and fabricated. The dual notched-band operations of the proposed antenna are achieved by using both open-ended inverted L-shaped slots. The proposed antenna exhibits dual notched-band characteristics for both WiMAX (3.3-3.7 GHz) and WLAN (5.15-5.875 GHz) frequency bands. The antenna shows good radiation performance with acceptable gain over the desired frequency bands. The antenna is compact and planar that makes it a good candidate for UWB applications.
